(Received 18 November 1999) Partial cross sections and corresponding momentum distributions have been studied in the one-neutron knockout reaction ( 12 Be, 11 Be 1 g) on a 9 Be target at 78 MeV͞nucleon. The resulting spectroscopic factors for the only two bound states of 11 Be are 0.42 6 0.06 (1͞2 1 ) and 0.37 6 0.06 (1͞2 2 ), where the errors are experimental only. This result shows that N 8 is not a good closed shell in the neutronrich 12 Be and that the last neutron pair is two-thirds in the (1s 2 1 0d 2 ) intruder configuration. Magic numbers in neutron-rich nuclei near the drip line are predicted [1] to be very different from those observed near the valley of stability. Because of the relatively small configuration space in the region of the neutron number N 8, the interpretation of the breakdown should be simpler there than for the heavier nuclei. In this Letter, we report a study of single-neutron knockout reactions of the N 8 neutron-rich nucleus 12 Be leading to the 1͞2 1 ground state and the 1͞2 2 excited state of 11 Be. The resulting spectroscopic factors provide the first direct demonstration of the breakdown of the shell closure for 12 Be, which turns out to have a wave function dominated by deformation and pairing and with major contributions from s, d intruder states. Our result also may cast new light on the N 8 neighbor, 11 Li. This two-neutron halo nucleus is usually viewed as a case apart with properties dominated by its low binding energy, but we surmise on theoretical grounds that it will, from the point of view of nuclear structure, resemble 12 Be. The structure of 12 Be is not given unambiguously as a consequence of the systematics of the neighboring nuclei. The nearest even-even nucleus with eight neutrons, 14 C, is very magic although the 1͞2 1 state in 13 C is only at 3 MeV. This would point to a very pure 0p 2 configuration for 12 Be. On the other hand, the isotope 11 Be with N 7 is the classic example of an intruder configuration. It has a 1͞2 1 ground state while the normal 0p-shell configuration of 1͞2 2 appears at 320 keV. The interpretation of this level inversion is far from trivial, but it can be understood in the framework of shell-model configuration mixing involving a combination of shell-quenching, quadrupole-deformation, and pairing-energy effects [2] [3] [4] .
Indirect evidence had already suggested that intruder states would play an important role in 12 Be; see the work of Barker [5] and also the recent analysis by Sherr and Fortune [6] based on analog displacement energies and reaction data. The configuration mixing and interaction used in a shell model which reproduces the 11 Be spectrum predicts that the energies of the lowest ͑0p͒ 8 and ͑0p͒ 6 -͑1s, 0d͒ 2 , J p 0 1 configurations in 12 Be are degenerate [7] . Other studies such as of the 10 Be͑t, p͒ reaction [8] and of the quenching of the Gamow-Teller transitions [9] lead to conclusions similar to those of Barker. An alternative description of the structure of 12 Be is provided by core-particle models such as the three-body model of [10] , which also predicts a significant ͑1s, 0d͒ 2 ground-state admixture when a 10 Be͑2 1 ͒ core configuration is included. The most direct way to measure the ground-state structure of 12 Be is to determine the spectroscopic factors for the removal of a neutron [7] . For example, the neutron closedshell configuration ͑0p͒ 8 would give spectroscopic factors of 0 and about 2 for the knockout reactions to the 1͞21 and 1͞22 states, respectively. The experiment, based on the technique used in our recent experiment on 11 Be [11] (see also [12, 13] ) involved the measurement of the partial cross sections and momentum distributions for the two final states of the residue formed in the one-nucleon knockout reaction 9 Be͑ 12 Be, 11 Be 1 g͒X. Secondary beams produced at the National Superconducting Cyclotron Laboratory at Michigan State University from the fragmentation of a 100 MeV͞nucleon 15 N primary beam on a 9 Be target were mass and momentum analyzed using the A1200 fragment separator. A beam of 12 Be at 78 MeV͞nucleon with an intensity of 2 3 10 3 particles͞s and a momentum spread of 0.5% was transmitted to the high-acceptance S800 spectrograph [14] operated in a dispersion-matched mode. The projectile residues were detected and identified at the focal plane of the spectrograph using time of flight and the energy deposited in an ion chamber and two plastic scintillators. The longitudinal momentum distribution of the 11 Be fragments was reconstructed from the measured positions at the focal plane [14, 15] . The measured inclusive one-neutron removal cross section, based on the ratio of the number of projectile residue to incident beam particles and on the target thickness, is 49.5 6 4.5 mb.
The 12 Be beam was incident on a 151 mg͞cm 2 9 Be target which was surrounded by an array of 38 NaI(Tl) position-sensitive g-ray detectors [16] . The position information from the array was used to correct for the Doppler effect by converting event by event the registered gamma energy to the projectile rest frame. The resulting g-ray spectrum is shown in Fig. 1 , where the 320 keV ray identifies the formation of the 1͞2 2 state. This procedure generates a detector response different from what would be obtained with a stationary source. We have constructed this response by using the code GEANT [17] to create simulated events, which were adjusted to the known energy resolution and subsequently analyzed in the same way as the real data. The resulting line shape is shown in Fig. 1 . It corresponds to a photopeak detection efficiency of 33% with a relative accuracy of 5%. The reliability of this approach has been confirmed in a number of measurements with radioactive sources. A 3% attenuation of the 320 keV g ray in the target material was also taken into account.
The background visible at higher energies in Fig. 1 is attributed to reactions of neutrons, gamma rays, and charged particles from the target with the detectors and surrounding materials. It is quite similar to the one deduced in [11] and is for our purposes well represented by a single FIG. 1. Measured gamma-ray spectrum in the projectile rest frame in coincidence with 11 Be residues. The full-drawn line is the result of a fit using a simulated line shape of the 320 keV gamma ray and an exponential background, both shown as dashed lines.
exponential. The fit to the range 150-700 keV shown in the figure leads to an absolute intensity to the excited state of 35.4 6 4.5%. An adjustment with a linear background component and the range restricted to the photopeak and just above (250-500 keV) increases this by 1.4% (absolute) but gives a poorer fit in the region 150-250 keV. The possible systematic error arising from the background is reflected in the error limit. As the ground state is the only other bound state in 11 Be, the absolute branch to this is just the complement, ͑64.6 7 4.5͒%. Combining the absolute branching ratios with the inclusive cross section given above, we obtain the partial cross sections given in Table I . The gamma coincidences allow the separation of the measured inclusive longitudinal momentum distribution into the constituent distributions for the 1͞2 2 and 1͞2 1 states as shown in Fig. 2 . Here, the momentum distribution for the 1͞2 2 state was obtained by gating on the 320 keV g ray and subtracting from this the contribution from the background. The complement is then the momentum distribution to the 1͞2 1 ground state, shown in Fig. 2a . The theoretical momentum distributions are also shown in Fig. 2 . They were calculated as in [11] and confirm the known s-and p-wave assignments.
The fact that the ground state of 11 Be accounts for approximately two-thirds of the cross section is direct proof of a significant occupancy of the 1s 1͞2 state in 12 Be, and hence of the breakdown of the N 8 shell closure. We now discuss this finding more quantitatively in terms of our theoretical model with parameters as used in an experiment on 11 Be [11] . In this, each partial cross section is calculated as the product of a single-particle removal cross section (s sp ) and a spectroscopic factor (S) [12, 13] . Our confidence in the method has been bolstered by a recent application to the neutron-rich carbon isotopes [18] . In this we obtained spectroscopic factors that within the experimental errors of 20% agreed with theory for the case of neutron knockout from 15 C, which is well understood. The 0d 5͞2 component of the 12 Be ground state is unobservable in our experiment since knockout from this orbit leads to the unbound 5͞2 1 resonance in 11 Be, which decays by neutrons. Thus the absolute spectroscopic factors are essential for obtaining indirect information on the 0d 5͞2 component, and we now discuss the single-particle cross sections s sp to the 11 Be͑ j p ͒ final states in more detail. The spectator core model of Refs. [12, 13] leads to contributions from the removal of the neutron due to the target absorption (stripping) and diffraction dissociation (elastic breakup) mechanisms. The essential ingredients are the interactions of the residue and the removed neutron with the target, which enter through their elastic S-matrices, and the bound state wave function of the removed nucleon.
The 11 Be residues are themselves weakly bound. The correct range and absorption of their interactions, due to breakup of these 10 Be 1 n systems, is calculated from the 11 Be͑ j p ͒ bound state wave functions and the 10 Be-and n-target interactions. The latter are calculated from the particle and target densities using an effective nucleonnucleon (NN) amplitude [13] . The 11, 12 Be structures enter the calculations through the removed nucleon single-particle overlaps for the 1͞2 1 and 1͞2
2 final states, with separation energies of 3.17 and 3.49 MeV, respectively. The overlaps are calculated as single-particle wave functions in Woods-Saxon (WS) potentials with geometries taken (i) with r 0 1.25 fm and a 0.7 fm, typical of WS single-particle states, and (ii) from the three-body ( 10 Be 1 n 1 n) calculation of Ref. [10] .
The ratio of the calculated s sp to the two 11 Be states (1.60) is insensitive to the form factors or n-target interactions used. It follows that the relative spectroscopic factors for the two transitions will be well determined by the experiment. The magnitude of each s sp shows only small sensitivity to the interactions but a greater sensitivity to the assumed form factor. The largest sensitivity is to the diffuseness of the nucleon binding potentials. The cross sections and the experimentally derived spectroscopic factors shown in Table I use the NN interaction and the WoodsSaxon wave function geometry, as in our study of other nuclei [11, 12, 18] . The leading corrections to these calculations, expected to arise from dynamical coupling between the 11 Be core states, have been estimated to lead to a cross section error of less than 1 mb and have been neglected. The comparison with other models and parameter sets suggests a theoretical reaction-model uncertainty on the single-particle cross section of the order of 20%, the same as the experimental uncertainty estimate mentioned above. The errors on the experimental spectroscopic factors given in Table I include a 20% theoretical uncertainty.
We now compare the experimental spectroscopic factors with those obtained from shell-model calculations. We use the Warburton-Brown-TBME (WBT) Hamiltonian [3] which is appropriate for a model space with active configurations of the type ͑0p͒ n -͑1s, 0d͒ m . The calculations are done within the full 0s-0p-͑1s, 0d͒-͑1p, 1f͒ basis in order to remove the spurious states, but the main configurations for this mass region are ͑0s͒ 4 -͑0p͒ n -͑1s, 0d͒ m [elsewhere in this paper we omit the notation ͑0s͒ 4 which is common to all configurations]. Low-lying levels for 11 Be obtained with the WBT Hamiltonian are 0.0 MeV (1͞2 When considering the spectroscopic factors, two different types of overlaps need to be taken into account: the shell-model spectroscopic factor and the radial mismatch factor. The shell-model spectroscopic factor takes into account the configuration mixing between the 0p and ͑1s, 0d͒ shells within the WBT basis. The mismatch factor takes into account the reduction from unity in the square of the overlap between the radial wave functions in 11 Be and 12 Be due to the change in the average potential between these two nuclei. Using single-particle WoodsSaxon wave functions, we obtain a mismatch factor of 0.79 for the 1s state bound by 3.17 MeV in 12 Be and by 0.504 MeV in 11 Be. For the 0p states, bound by 3.49 and 0.18 MeV, we obtain the value 0.83. Since the reduction from unity represents unobserved excitations from the bound states to s and p continuum states, the mismatch factors should multiply the shell-model values of the theoretical spectroscopic factors S th before comparing with experiment. For our application it is, however, more convenient to divide the experimental spectroscopic factor S exp by the mismatch factor to obtain the quantity S ‫ء‬ exp representing the shell-model parentage before the effect of the different binding energies is taken into account. This should compare directly with the theoretical spectroscopic factors denoted WBT and WBT2. Table I provides direct evidence for the occupancy of the 1s 1͞2 particle state in the 12 Be ground state, and hence for a breakdown of the N 8 shell closure. The effect is stronger than predicted; the experiment suggests that only about 25% of the strength goes to the neutron closed-shell configuration and that almost one-half goes by d-wave knockout to the unbound 5͞2 1 state at 1.78 MeV in 11 Be, not directly observed in this experiment. It would be important to design an experiment for 12 Be to look for the neutrons from the decay of this low-lying state.
The present experimental observation of about equal s and p spectroscopic factors is similar to the recent results of Simon et al. [19] for 11 Li where about an equal s and p admixture was also found. However, their analysis did not include a d admixture. Theory suggests that the shell-model structure of 11 Li will be very similar to that of 12 Be; both have degenerate ͑0p͒ n and ͑0p͒ n22 -͑1s, 0d͒ 2 0 1 ground-state configurations with the WBT Hamiltonian [7] . The possibility for a significant d-wave contribution in 11 Li should be considered in future analyses. Improved shell-model calculations for 11 Li and 12 Be will require a consideration of complete mixing between all configurations, an expansion of the model space to allow more than two neutrons to be excited out of the 0p shell shell, and perhaps also for the neutron continuum. The Hamiltonian which is appropriate for the expanded model space needs to be investigated. Our results will also provide tests of the cluster models which have recently been used to interpret the properties of excited states in 12 Be [20] . This work was supported by NSF Grants No. PHY-9528844, No. PHY-9605207, and No. PHY-0070911.
